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-ABSTRACT

" This: re.pdrl;'fisf ah_.evélﬁatib.n»dfﬁan,ea.r‘th“_'probe' antenna formed by .con- '

necting receiver input terminals to electrodes in the ground 343 meters apart.

‘Recéption of coherence and sferic-signals on this antenna atfrequencies below -
50'ke/s was Compa';;jed with. _"that'-ret:‘_ei’v'ed-‘.b;i ﬁori"zjo_ﬁté'fl_ OYefhe'a,d'dfit‘e‘xina,ls.,[_ :,-,:

tv Although the. voltage fq';xtpﬁt”'froin tﬁléfc‘iﬁirerhgéi& antemaswag .c:;;'.‘(.).'r’-is"'i‘s'itexijiﬂif"?.‘
"higher than the signal taken from ‘the ground probe antenna, the highe? 'si"i'_gna.lrv_ -

to noise ratio of the ground p'r:obe ante'nﬁa._ indicated-its p(')fen'_ti"a.'l'usef itn the .

VLF f;‘_&ngé’..



The ‘meafsuifiem‘ents_"de}scfiﬁbg‘:q in t:[m_ s. report were undertaken for the 7.
‘r‘ptrii;:po':‘s?é;of studymgthe pi"c} p’é‘x‘:'t.i‘-e‘s‘ of an anténna."s'forﬁ-;é:('.l bygroundmg the o
erids of the lead wites ffomi a Feceiver at earth probes 343 meters apsrt.
As "'Iséd". the :iéad 'Wirél‘s’,"vﬁe'r'é Eﬁri‘ed:’aef.e‘\_ig_'i-n‘é.hé_s;‘ in ‘ithté ground :

- ’I' he szgnal recelved onth1s antenna wascornpared w1th thatrecelved
on };‘;;ri"zoxifa;.l qv'é'_rjhead.agntt'en;';ajs- uslng 's'e‘*v‘él;._a,_l,gv.fr_a/bn'gléi;;’é_ia_t‘s'{:ff ih:é Acialﬁﬁéc Z
ti‘oﬁs' £o the overhea.i!gif;ﬁifr—e’s;

: -Signa.;]:s from several radLo st‘a“t.ipn/é ,wefé used xn 'ﬂ‘ie'_‘kilbcycle i“_;f.nge,; 'l
At'llower .fx.'equen(‘:ies;,' it warshec':e‘ssary to déperilti‘on 5fe~ri’cs to p.rov‘.‘idtlar a
source for comparison.

The antennas, a§ usea’, were elecfrically sho'.rt. Short idipoles or
~moﬁopolés becofne more efficient as the frequency is increased if thé ant,enﬁa '

impedance is_:mafched to that of the rec.gij.rer.‘l'z’ 3 No attempt was madé
to match impedances since the results sought were primarily comparisons
of the voltages present at the antenna terminal. Thé signals froin the earth
probe and overhead systems were measured by the use of identical narrow
band receivers with input impedances large as".c'ornpared to th_e. antenna
systems impedance.

In addition, many choices of the configuration can be made of the

overhead system used as a reference, Sévera; possible arrangements were

studied and the eifect of changes-in heig'ht above ground were observed.

R



On the ba51s of the s_e; stud1e s two T ef er enc e a.r rangem ents wereused. These
were a centex fod dipole and an end fed monapole whose Length was one Hal
. the 1eng th Sf .(:the :d_i:pole" at : var;ous .;'h‘e 1ghts _'_'abbv'é : "t_h‘eﬁ g round ‘u‘étt‘or 8 'mete;;s
for ~1<_i1.§§ yete trans mitt mg - statmns A tandard he ight of 6 meterswas o f'

_ chosen for the study of the natural and man-made noise.

II, EARTH PROBE ANTENNA SYSTEM - =0

For 's'ei;';:.i".a'.'.l. yéé’fé thl.s Laboratory has Olbsér;’ie'f.i th.e‘:' vo l‘f;.ge' va.;r'i"a-r
'tioﬁs bé‘t’ﬁéeﬁ’e’l‘ecﬁraﬁes space& 343 meté;s due to natural ea;'th cu‘rr"eillt’s:

. . o ' . | 4 o j
both in. the NQ:t'h~South and East-West diregtions._ The ,f_req.u’enc-y rang'e.of
“interest in_théée tests was 'brimavfily below 10 Eps; For fhéfplx.rpo‘ée'of
thes'esﬁiﬂié-% an el}éc_trode,was developed made up of a cadmil;;m rod in a
solution of cadmium chloride, A slightly porbus container provided exceuéht
ground contact, .Trhe 'el'rec_tr'odeSIWere placed ap'pr_ox-ima.t__e[yl cﬁg meter below
the surface of the ground.

F;)r thé antenna stud-ie.s described in this report, the North-South path
electrodes were used. RG62/U coaxial cable was buried a few inches on a
line between the probes with the center conductors used as the lead-in wires
from the probes to a differential preamplifier at the midpoint bertween the
grounded terminals. The outer conductor of the coax was used as a shield
and was grounded t;:> the preamplifier. A coaxial cable was used_to_ bring

the signal from the preamplifier to the receiver in the laboratory approximately



200 meters from the preamplifier.’ Theé outer conductor of the cable was .

‘ground

ed at the préamplifier and at the receiver.

' The signal picked up-on unshielded buried wires was examined by
" use of No. 14 solid AWG wire paralleling the léads from the electrodes to .
the f'prj‘eé:mpii/fiera.f j':Tll'i'e:" signal to noise ratio on the unshie ld'ed ,b'ti_r"irecvi_\fwi_i‘le's

‘was inferior to that of the shielded ones. For this regesn, the shielded -

conductor s were’ u?s:éi.i',‘ i tl;ie,, com p‘é___i_ri son te 'sts'r.ﬁ‘ ’
1iI, OVERHEAD ANTENNA SYSTEM

The 'OVérﬁea.d anténna Syﬁté'tn cons.isted'bf- two coélinea;, 170 meter,.
horiZon’tal wi_.'rew-‘&.;. mounted ‘o"ri poles in s:ucﬁ/"a ‘max'mer that their heri;gb;t above
gréluhd could vary from the grounﬁ level to e'rgﬁt meters. These wires were
‘pa‘rallé-}. to and a—pproiimatély 20 feet'e'?iS't (.)f"th.e\ea."rt‘h- cqrr.ent-‘ path.‘ wa ’
basic connéctidnsi to these wires .were used throughou!; the 'measuremeﬁté, -
and thg signal from each was coméared with the earth probe antenna signals.

The arrangements used were as follows:

l. A center fed dipole formed bny coﬁnecting the two
overhead wires to a preamplifier at the center of the path,
This preamplifier was raised and lowered with the antennas,
Thq éthe.r ends of the wires were not grounded, .

2. A monopole formed by connecting the one end of

one of the overhead wires to the preamplifier with the othérj



L

7 preamplifiér terminal grounded. This arrangement might . .

" . be tonsideréd as a top-loaded vertical antenna,

Various other arrangements were examined but the two listed. above were

3

_ selected fo r'the comparlson study.
IV, INSTRUMENTATION. *. © |

Therecewers vfr'e:re 'e:'ss,entv'i‘élly— j::uned_'\"ro.ltrr;.é_tei-_'éi thhveryl'ugh o
inpﬁt impedancé. No a.f'tf'empyi.:lwa.s ’t_n'at(—:'le? t:o matcnthe é’fétgmj’iﬁput.to the .
..._a;ntén'na,- imped;.hc,é. . 'I"he" radiation r_esist;nce" of éh,e anfenha~ stftems \r}as'

_ \.ryé'ry low \(mﬁrcﬁ less 'tihLa.'n 0.1 ohm) as compared to .the: resi’sta‘nc; of tﬁe"ilé'é,fﬂ
Wfirés. -(a',p':p‘roximately 0.6 éh,m).. The principal ,impéaance’of,thé ove._r;head‘.
antennas was thé s,elf reéctance' which wﬁs;' f‘fequen‘c:-y sensi.ﬁve,l increasing
‘with C.lec;'e'aféi;xg.rfreq\iéncy-. In'all cases, ;th’iS*'irripadanc:g. was much léss than ,>
that of thé' recéiver system.

The imped_anc;e of the ground probe 5yste&1 wa;c_, essentiaily the dc
resista‘n;:e of the wires, probeé, and ground'ipath, and as Such, was much
sinaller than that of the overhead wires.

- A block ‘diagram of the two receiving systems is shown in Figure 1,
'I’ﬁ-e salient features of the systems are described schematically and graphi-
cally. Althoggh the signal flow is straightforward, there are some features
that warrant a brief discussion.

Cathode fblldw:ers which’ incorporated low frequency feredback were

used in the front end of the air antenna receiving system., These preamplifiers
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weredes:.gnetitohave espec1ally good nmse fxgures : when 0peratmg thh -
_ la.rgevaluﬁa of mputlmpedance The sys tern no1se 101' boththe au- and - :
earth a‘ghfenji“'xa systems wa.s thencompiete lyneghgﬂ;le ébm'éajred_:tdltl'ié ‘ré;-‘ n
Celved91gna1 s durmgthe entlremeasurementp rogtant. The tme i lters -
"x_;vréfev'uélédvto_rhéj ec:t t_ht;,léolcp‘s. éi‘c‘kﬁp onthe axrantenna ."Wheh‘-opéf;ti:ngi 8
if.hé 7.55,;;,7,;3;;,, atfrequenmes 'a-;,bovg I:zfoofof C_Apls_‘v' a’déit‘io_ﬁai- attenuanon, of 66- cps E
and. 1ts rnajer ha,rm,o-n'iré"sl was éfovia.é-d: by Ehe -‘h:i.gh pa s‘s-’f;f.te':'. | Rejé,é.'l:iar.)i of
these ‘power line frequencies w;as“n'eces_s:a.ff.y té_ p:v:.ev.."gnt" :éatuiatigl;l"of tk%e' ,

inpitt amplifiers in the Héwlett-Packard wave anidlyser. When operating

the s"*yslt’é:‘mrbeldw ZIQOO cps \;v.i;ei;e it .v;é.fs not possible to. ;se‘the hlgh pass
filter, the measurements of thé séheﬂé- activity were restricted to those
fréquencies lying Betv&een the harmonics of 60 cps.

Due,,éq the low i-mp_edan,ce'of the..grb,ﬁnd___path;bétweeﬁ,,fhé,r;;rvqbe,s of
tﬁe earth anfenna, it was not_ﬁecessary to use the 'cvathod‘e f‘olldwér pre-
‘amplifiers in order to obtain an acc'epAtabLe'no'ise figuré for the receiving
system. The earth antenna was also bbserved"to have somewhat less power
line interference than the air antenna; however, some rejection of the 60
cpé fundamiental was required.

The biock diagram of the Hewlett-Packard model 302 A wave analyser,
shown in Figure 2, is self-explanatory. The:~two attenuators provided 140
‘db attenuation in 10 db steps. The &ynaniic range of the instrument on any

selected setting of the attenuators was approximately 30 db. The narrow
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e ‘bandv‘r,idtvh {6 cp s‘equivalent no1se bandwidth) was obtained by a smgle Ccrystal
- filter, " Those frequencies which lay w1 thin the passband we re: reconstructed

and 'a.'mpli-f»ie'd as!"é:h_awn'. ,

- Integration intervals varied from 20 to 30 seconds for fost c-w

. signals and from. 30t050 ‘seconds for sferic signals.  The overall sensitivity
- of »'thév'v r,e’t_i'ei"v ing é:y'steﬁm ,fd-r‘ sati S-fa-été'fy, cp'e_fré'tio‘n’ :of'_ thev'iﬁvt."efgﬁ‘-‘r"éitdr’ w'avs"O'. 20
- microvolt mput The 'i.nte,g"'ra‘to_r output was calibrated.in RMS ‘ya;vl.u_‘es by -
~ “application of a single frequency voltage of known magnitude to the wave
'é.rialyzei_- inp’ut.
V. EFFECT OF HEIGHT OF OVERHEAD ANTENNA ABOVE GROUND
A. Monopole
The signal received on the end-fed antenna was compared:
to that received on the ground probe antenna for a number of heights between
ground level and eight meters for the five frequencies received from the
transmitting station listed in Table l. These data are plotted in Figure 3.
For each of the five stations, the signal voltage from the
monopole increased with elevation. Their relative levels were fréquency

dependent as shown in later curves, but the general shape of the graphs can

be approximated by straight lines passing.through the origin.
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.. _The procedire described under A wis repEatsdbut with the -
_ E‘l’i’éolér'van,téhlﬁalpis‘e&:iins_tea'd_ of the“ rn'oyrio‘p;dl'e. The’ r_e"é 5 téé’t ar'g"-"‘ -
~shown in Figure 4. It may be seen that, unlike for the a

tlon was onemeasurementat 198 kcfrom astat*.o“.m :
to the ‘li‘n'e of the a."xfx.teri_-nas:."
'C. Discussion
The primary he‘iéi';t’wgi;i'-zii;véri,é"tidns of the two bvér‘he’aﬁ&ﬁa’.’n‘.—f '
‘tennas as Cdtﬁpared tc the earth 'probes., appears o be associated w1th their
res?onse to ve;fti\cally ahd horizon.tally polari.z-ed waveé. A pex;fectly ba'lanc'e'd:
Horizon,t,al,dipole s_houid réspﬁﬁnd- dn.ly to the horizontal c’ompt)nentqf an 7
incident 4electro_d13,g'netic waye'. A -h;)riZOnta.i e_xi'd fed mbnopole will, hoWévef-,
respond-to-both vertical and horizontal electric field éomponénts'.' It is
evident from the linear height gain relation of the monopole antenna {;Eﬁli,gure
3} that the incident waves had a large vertical component and that the éﬁtput
of thg: antenna is the integrated electric field from the grouind to the antenna
héight.
The height-gain relation of the horizontal dipole is somewhat
more involved, It is reasonable to expect that in the absence of the antenna,

and at the frequencies in question, the horizontal component of the electric
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field would be uniforin from the ground upward dver a distance of 8 meters,

¢ field in such’ =

The ;Qi'é'sqg-c'_é’ orf;l;[igf’coﬁdﬁctih'g aritenna _pertﬂrb'é the electri

a manner as to 're:du"c.e its yé.[ue albn’g'"th‘é length of "thganteﬂné; .waev'er'

‘the presence of the antenna has. little effect on the intensity of ths electric

field in thé: c,n_jiliyduct,ixllg-- earth, . Therefo re, the ;_[:slroxit.ni,ty't)f‘- the nductwe

earth produces a voltage difference between the ends of the d

?'eS;}i,It/of:-t'he‘ capacitive coupling of these ends to the earth belo

capacitance between a horizontal wire and a ground plane varies in an

- inverse manner with height and is szuggestive'.fbf the height gain performarce

‘of the horizontal dipoie _é.htenha.. '

Table 1

VLF Transmitting Stations

: , Approximv'a‘te- , Appfbiimate
Frequency Distance Direction
kcps Identification Location - from Antenna km. frem Antenra
14.7 NAA Cutler, Maine 3000 NE
18.0 NBA Summit, C. Z. 3000 ' SE
18.6 - NPG Jim Creek, Wash. 2950 Nw
19.8 NPM Hawaii 7300 ' WSW

22.3 NSS Annapolis, Md. 2100 NE



A

V1.  SIGNAL-TO-NOISE RATIOS = . .

. Signal-to-noise ratios were measured at intervals during several -
_of the height runs using the radio station transmissions as sources. The .

- signal<té-noise ratios were obtained for uhmodulated signals.” The signal-
" tn-roise ratio for the locked-Key transmission'is shown in Table 2. For

nearly all'of the vavious samples taken.and shown in the table; the signal- |

‘ ?t'zi_')‘-’nqi*se '_i"é’._tio_'wé.‘s kngher :fo'r-v'th‘e' ground ".p“ro_b-e"- ?alptenﬁ;-than fbr'_the;b\#g'rh‘e_aici

antenna. -

Tie signal-to-noise ratios are dejendent, of course, on the direction

,Sirice the predominant'tangéntial

x ofarnval of the signal bemgmeasure
éle:ctric ki;eld is that ,asso’_ci_ated with the tilt of the verticaiiy/polar-izét.i "ﬁ"el"d,‘
the earth probe antennas have maximum res{)onsg for a wave travéling alo’né
the rli—ne b.étweenr Ehe ;;rrdbeé.' The dipole fa‘;n{eﬁﬁa*ries;;onding .:\q the hqri‘*zon_taf{f,,
coﬁlponent of the field will also have maximum response to a wave tréveling

. in the direction of the antenna wires,; but its response to the vertical com-

ponent due to unbalance of the two halves will be omnidirectional. The
monopole will also be omnidirectional in its response to the vertical com_,‘
nent of the field,
This effect is noticed in a comparison of the signa,l-to—-nbise 1-_au‘:kx of
the 19. 8 kcps station to the other stations. The location of this station was

in a direction perpendicular to the antenna line, whereas the other stations -

were oriented at approximately 45°, Since the earth probe response is
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- Connections

. Frequericy in._. i .

1860

22,

s

o kefs

b meters at.

- _."Dipo'lé SRR
-~ Earth Probes

51

L 49

"1 meter ht.
Dipole

Earth Prob.es.g_ .

33

43

31
47

‘6 meters ht.
Monopole .
Earth Probes

1 44

‘42

.. 40
45

32
18

43
44

- 1 meter ht.
Monopole

Earth Probes. _ '

40

37
14

N>§-
N >§

40
47

. -- indicates no data obtained.

N > S indicates signal-in-noise.
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‘minimized in the direction of the 19.8 kcps- station, its {siQna‘yl*tb-ﬁbfgs‘g ratio
| f':o"r, __._t'h.i‘éf.'stat;i'fqnf{s"‘ lowerthan 'ghaftgof' t"hé-o@erxﬁhke'adr aﬁ.té;gﬁa;' {L‘\;‘»\fi?t_.h-:thjér— lljhe'tter;_f?.
orlentatxon éfﬁhé-e‘arfh antéfxga ‘flc;i_;?: the Qlt_h,é'l“;'_s-taﬁ'()nié, its 31gnal-to -‘-:noi'lse',‘,_: L
 ratio is consistently higher than for the overhead vires,

vn SIGNAL STRENGTH- FREQUENCY SPEC TRA : '. : - : a
fr’.r"'l‘hejr__vo'l‘ta-ger. appearmgat 'frﬁle-.te‘rfr;jnai,sﬁ:.ozf th‘é _gé,r’th{pi‘-c;bg-- antenna. .
f'i;n,d thé v‘ol:ta.ge: at th,é 7te1l-‘m';nia.i o‘f’ one vﬁf_ the ‘..cvé:x;ead agtéhnag ’\‘ivei'e;.me‘a'surj‘ed; :
s1mu1taneou§1y by trzrhr;f:rsys;tér_n._ sh?y#n in Flgarf:li
The volt;ges .me’a sured were-those resultmgfrom ’né;tﬁra-l and mag-
made éources', and the shapesof'th_é spectra arefa» function of the sourrce's;-
‘the pro’paga;tion path, local interference, and the re'spons.e of""thé,antenna.

- The data 't;_b'taine’d" is"'taﬁditioned by all of tﬁé'se factors . and thE----i}i;}té,i;prel.:atioﬁ
ié nbt a simpie one. 'I'yiaica_l .re’sults will be presented in th'i's:"s;"é;ctiank and-
discussion of them will be given in the next section. Figure 5 showszihe
variation of antenna Vter,m_i'na.l voitage for the earth probe antenna and for the
dipole for frequencies from 20 to 50,000 cps: InFigure 6, the ratio of these

V' voltages is given in db,

In Figures 7 and 8, similar curves are presented for the monopole,
The dual curves shown for the higher frequencies resulted from . sudden

changes in the level of activity occurring during the period of observation.

These data were taken during daylight hours.
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Vil DISCUSSION =~ i

_predominant polarization of the electric ,ﬁé‘-ld'-wﬁ’l_i; be normnal to the earth.

3

" Due to ;}1.5'A“'fihité--‘-'-c“qr’xdﬁ"c tiv{ty \'e;——'t—h.e earth; a. s_rln:a;uﬁ/‘g-djgéfgbhéﬁt"a-fi ho 'r.iiz:,c'm-‘ia Ty
: ,bé,rair-ii,zzejé‘ electnc fl.e 1d will exlst T his component will be in t.h_e :,a:?.i‘lé.éﬁé)nl_
of 'P_fé'pa;::g‘iatid:niof ;Hé’i wave The rflﬁ;xfixo;);’n:»'1ej a‘vrilAi‘_._e'x"lﬁa w1£1 resPQnd .to"'th"e' vert1~ -
cal cornpore“ic.o‘ the electnc field andthe dipole. -a.nid. earth probe '_a‘nt'gm’;a s
will res plo‘n,d:f.(l}'tﬁefho;lii:.zo‘htél ‘cb‘m‘pon‘entr.' The 1n-d'i-caeeci 6\1::&_5@{5{ thé -mo’x{"io_-.-v
pole will be'the integrated é{e;;r}; field fvomrhe ground to r.hg;;nf:eﬁna.héight.
T,he "zindicated oufput of the dipéle, lf bala.nce'td; will be .'the _integfated ‘hori;-_
zonﬁgl fi'eld_a{l&mg the dipole.
_ In the curves sh’o"wqin Figgres 5 thrqugh, 10, no account was. made

for tﬁe difference in impedﬁnce between the earth énd air antenna sys i:érn’s.
This was r.10.t' deemaci neceéssary since in al! ‘,‘eakses sufficient voliage was
available at the .antenna' terminals to com-piéte ly overide the system noise, '
Quoted signal-.to -noise ratios are made only for the cases of coherent
signals in the presence of incoherent noises originating external to the
measuring apparatus and the antennas,

Although Figures 5,.7, and 9 show that the output voltage of the
‘overhead system.s is coﬂ.sistently.highelf tha.nthét of the earth probes under 4
most conditions, the vo'ltage output of the anit'enna systemn shouid not be

regarded as the sole criterion for evaluatingz the system. The signal-to-

noise ratio would appear to be a very important factor in this evaluation.



" The Higher signal to noise ratio of the earth probe output would appear 10

"be due to the fact that the transmission modes for the noise are different

_froin those of the station signais.

‘IX. CONGLUSION

- In view of the higher signal-to-noise ratios obtained witn the earth
probe antenha as compared to-the overhead antenna, it is concluded that -

this sys’témi is superior for rhah&"appLiCatioﬁ to the overhead SYSf‘é‘m" '
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